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SUMMARY

This paper describes the practices and procedures associated with the design and construction of
offshore arctic wells in such a manner as to prevent the release of hydrocarbons to the
environment. US regulations and industry standards have been significantly upgraded since the
Macondo incident of 2010. The primary approach to loss of well control is prevention and
prudent well design as described in this paper. Operators must follow a strict set of controls that
require extensive verification, testing, and certification of well control equipment, well designs,
and barriers to the flow of hydrocarbons.

I. KEY MESSAGES

Arctic well design and construction follows standard offshore well practices. Arctic specific
hazards, including deep-keeled ice features and surface ice, require additional mitigations, but do
not alter the basic well design and construction practice — and prevention of loss of well control.
Permafrost and methane hydrates, if present, require special considerations including drilling
fluid and tubular selection and control of heat, all within established and proven practices.

Industry’s approach to loss of well control is prevention. This is shown schematically in the ‘bow
tie’ figure below. The left hand side of the bow tie depicts controls, and barriers designed to
prevent incidents that could escalate and lead to a loss of well control. A combination of barriers
are employed in the well design. The right hand side of the bow tie depicts responses or
preparedness in the unlikely event of a loss of well control.
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US regulations, standards, and practices that have been upgraded post-Macondo make the
likelihood of a major well control event extremely unlikely. This includes certification by a
licensed professional engineer that there are two independently tested barriers across each flow
path, and that the casing design and cementing design are appropriate, along with independent
third party verification of the BOP. Furthermore, there are requirements for adherence to
operations integrity management systems combined with a culture of safety and risk
management.

Tertiary controls would be employed in the unlikely event of a loss of well control. Industry and
BSEE have co-developed a screening tool to implement 2010-NTL 10, “Statement of
Compliance with Applicable Regulations and Evaluation of Information Demonstrating
Adequate Spill Response and Well Containment Resources” [Ref.6]. Wells meeting the Level 1
or 2 criteria can be contained via a capping stack in case of a worst-case discharge scenario, e.g.,
fully shut in without causing underground flow. Cap and flow and containment are
considerations for wells not meeting the Level 1 or 2 criteria, but are not considered prudent for
arctic development at this time.

US Government authored papers covering blowouts for period 1971-2006 indicate flow was
stopped in all cases without need for a relief well [Ref. 29 and 30]. The reports states that
“continued success will depend on sustained efforts by industry and government to improve
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safety management practices related to drilling and well control”. The federal government and
the offshore industry significantly adjusted the regulations and standards in the US after the
Macondo incident in 2010.

Additional well control devices and techniques are available that are independent of the controls
on the drilling rig, and combined with performance-based risk assessment, offer a better
alternative to the same season relief well requirement and/or oil spill containment systems (based
on a worst case discharge scenario). Examples of these devices are capping stacks that are
deployed after an incident and subsea shut-in devices that are installed on the well during the
drilling process [Ref.34].

II. INTRODUCTION

Exploration drilling operations in the Arctic began at Norman Wells in the Canadian Northwest
Territories in 1920 and production began in 1932 [Ref.1]. This field has been in continuous
operation since then and has produced over 250 million barrels of oil. Most of the production is
from artificial islands in the Mackenzie River. These wells have maintained a long record of
integrity even with seasonal flooding, ice jams, and ice scouring and have been constructed
through the permafrost.

The Prudhoe Bay field on the Alaskan North Slope has been on continuous production since
1977 and these wells have been successfully drilled and produced through the permafrost.

There have been numerous arctic shallow-water exploration wells in the US (United States) and
Canadian Beaufort Sea drilled since 1970 [Ref.2]. These wells were drilled using gravel islands,
ice islands, a Concrete Island Drilling System (CIDS), the Molikpaq (a steel caisson filled with
granular material), ice-strengthened drillships (Explorer 1, 2, 3, and 4), an axisymmetric
circular-shaped floater (Kulluk) that was moored, a converted tanker used as a submersible
(SSDC and later renamed SDC), and two caisson retained island (CRI and Tarsuit) systems.
There was an extensive network of infrastructure established for these activities including marine
and air support. Some key vessels in Dome Petroleum’s Canmar fleet were the Canmar
Kigoriak and the Robert Lemeur and in the Gulf Canada’s Beaudril fleet, two icebreakers (Terry
Fox and Kalvik), two supply ice breakers (lkaluk and Miscaroo), and multiple ice-strengthened
supply boats. All of these wells were drilled without loss of containment from the reservoirs. In
1986 over 100,000 barrels of oil were produced from the Amauliqak field in the Canadian
Beaufort Sea and shipped as return cargo to Japan in the tanker that delivered diesel to the
drilling fleet. The first offshore Alaska Beaufort Sea production occurred in 1987 at the Endicott
field using gravel production islands. No loss of containment has occurred from these wells with
over 20 years of production. More details can be found in the Prudent Development Section 3
and E&P Technology Topical Paper TP2.

Over 350 wells have been drilled in offshore arctic (or arctic-like) [Ref.3] drilling programs in
Canada, Norway, Greenland, and the USA. Almost 40 wells were drilled from floating ice
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platforms in water depths up to 550 meters (1800 ft). In addition, the industry has had successful
and environmentally responsible arctic drilling campaigns in the Cook Inlet, the Gulf of Alaska,
Norton Sound, the Navarin Basin, and elsewhere. Exploration wells have been drilled in the
North American Arctic over the past five decades, and these wells have been drilled in all of the
major arctic ice regimes.

There has also been more recent extensive offshore development in ice-prone regions offshore
Sakhalin, Russia, although this region is clearly sub-Arctic. There are currently five offshore
gravity base structures named Orlan, Berkut, Piltun Astokhskoye A & B, and Lunskoye A.
These offshore structures support drilling rigs, and oil has been produced since 1998.

Finally, the Grand Banks offshore Newfoundland is probably the best example of iceberg
management in the offshore oil industry. The operators employ a large gravity based structure
with platform drilling rigs (Hibernia) to drill surface wells, and semisubmersibles to drill subsea
wells that are tied back to floating production vessels (Terra Nova and White Rose). The subsea
drilling has been conducted primarily using moored, floating semisubmersible rigs, but a jack-up
rig has also been used.

These fields employ an extensive iceberg management program to minimize the risk of an
iceberg reaching the surface structure or the subsea wells. Most of the subsea wells are located
in excavated subsea drill centers (glory holes) where the christmas tree is located below the
seafloor. The iceberg management program uses boats, aircraft, and a marine radar system to
detect and track icebergs. Marine vessels use heavy cables with specially designed nets to tow
and re-direct icebergs that pose a threat to the structures.

This topical paper discusses the state-of-the-art for well integrity and spill prevention. This state-
of-the-art technology draws upon both the industry experience drilling in ice prone regions, cited
above, and tens of thousands of wells drilled offshore worldwide. The industry employs
extensive baseline monitoring and risk identification to ensure fit-for-purpose well design and
operations to ensure that known operating conditions such as pressures, loads, and environmental
factors are not only addressed, but are addressed with redundancy and with prudent safety
factors. Industry and regulatory standards have both been made significantly more stringent
since 2010 (post Macondo).

This paper will elaborate on how the industry has developed the technologies and methodologies
to design and construct wells so that a hydrocarbon release from the reservoir is highly unlikely
and continuously works to improve this practice. In the drilling and construction of a well,
barriers to hydrocarbon flow are established; these will be discussed in detail in this paper.
These barriers consist of drilling fluid of sufficient density, tubular goods (casing and tubing),
cement, subsurface valves, the blowout preventer (BOP, which contains redundant components),
christmas tree, and others. Loss of containment and the subsequent response can be more
challenging in an arctic environment than a sub-arctic environment due to the potential presence
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of ice and the associated logistical issues. The prudent implementation of these barriers results
in the prevention of a hydrocarbon release to the environment.

The industry’s primary approach to loss of well control is prevention, which is achieved through
adherence to operations integrity management systems combined with a culture of safety and
risk management. Wells can be drilled safely and well control can be maintained when:

* Focus remains on safe operations and risk management,

» Wells are designed for the range of risks anticipated,

* Equipment has required redundancy and is properly inspected and maintained,

* Personnel are trained; tests and drills are conducted, and

» Established procedures are followed.

III.SUBSURFACE KNOWLEDGE: PRESSURE, LITHOLOGY, GEOMECHANICS

The first step in the design and construction of a drill well begins with geoscience and typically
starts with the analysis of seismic data. The geoscientists use the seismic (acoustic) data along
with offset well logs (gamma ray, resistivity, sonic, etc.) and other available data sets to generate
maps on key stratigraphic horizons and to predict pore, fracture, and overburden pressures. In
addition, a shallow hazards analysis will be conducted to identify shallow hydrocarbon bearing
zones, shallow overpressure, or other potential nonhazardous factors within the subsurface
stratigraphic section above the first casing string that is connected to the blowout preventer
(BOP). The well site is preferably selected to avoid the shallow hazards. This could result in a
new well location or a directional well being drilled such that it avoids shallow hazards while
still targeting the well objectives, even for exploration.

If the potential shallow hazard cannot be avoided, then a smaller diameter pilot hole can be
drilled through this interval (riser-less) to determine if the hazard truly exists. If the hazard
exists, then the zone can be managed by pumping drilling fluid down the drill string and up the
annulus at a high enough rate to control the well through annular friction or equivalent
circulating density (ECD). Furthermore, a technique may be employed where weighted water-
base drilling fluid is pumped down the drill string and up the annulus to the seafloor. Again, if
the assessment of the pilot hole determines that a shallow hydrocarbon hazard exists that cannot
be mitigated in the planned hole size (needed for the casing string) by this method or some
similar technique, the location of the well will be moved.

Pressure prediction is an important input to the drill well program. Geoscientists use seismic
data, offset well logs and other available data to construct an integrated pressure prediction chart.
Figure 1 shows an example of the expected pore, fracture, and overburden pressures versus well
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depth. The pressure prediction also contains information on depths, thicknesses, and potential
fluid types for expected porous/permeable zones.
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Figure 1. Example of a Pore Pressure, Fracture Gradient Chart

The drilling engineer then uses the pressure prediction to develop the drilling program. The
engineer selects drilling fluid (mud) densities that are greater than the predicted pore pressure,
but less than the fracture pressure. Furthermore, the engineer selects the depths of the casing
strings that allow a margin for mud density plus ECD versus the fracture strength of the rock
(kick tolerance), and applies a suitable safety margin to prevent lost returns during the drilling
and cementing processes.

Recently developed Logging While Drilling (LWD) technologies like Seismic Guided Drilling
and Deep Directional Resistivity allows geoscientists to look ahead of the drill bit and
continually update existing models for hazards and pore pressure further reducing operational
uncertainty. This technology has been applied offshore Norway.
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IV.BASIC WELL ARCHITECTURE (SURFACE AND SUBSEA)

Well Construction

The basic well architectures for the drilling phase and completion phase are illustrated in Figures
2 through 5.
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Figure 2. Schematic of a Surface Drill Well — Drilling Phase
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Figure 3. Schematic of a Subsea Drill Well — Drilling Phase
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Figure 5. Schematic of a Subsea Drill Well — Completion/Production Phase

For a well with a surface wellhead, a conductor (or drive) pipe is driven or hammered into place
at a prescribed depth, but if the seafloor soils are too stiff for this, a hole can be drilled, the
conductor pipe is run, and then cement is pumped into the annulus to secure the pipe. A low
pressure wellhead is attached to the conductor pipe and then the next hole section is drilled to the
prescribed depth. This is called the surface hole and the surface casing is run and cemented in
place and partially supported by the conductor pipe and low pressure wellhead. The surface
casing must isolate any fresh water zones and must be set before drilling into any hydrocarbon
zones. It is also set at a depth that prevents hydrocarbons from broaching to the surface in a well
control scenario. Then the high pressure wellhead is attached and a BOP is connected to it. At
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this point, the drilling process is conducted with a closed loop fluid system. Subsequent hole
sections and casing strings are run in accordance with the prescribed program written by the
drilling engineer.

For a well with a subsea wellhead, a structural casing string is jetted (use of high pressure
nozzles at the drill bit) at the seafloor to a depth that will be competent enough to support the
weight of subsequent casing strings and the BOP. This pipe contains a low pressure wellhead
that can support the next casing string. Sometimes, if the seafloor is stiff or highly competent,
this hole section will be drilled and the structural casing will be run and cemented in place. The
next hole section will be the conductor hole and will contain the conductor pipe. If the high
pressure wellhead is attached to this casing, it is commonly referred to as surface casing. This
casing is set deep enough to prevent broaching in a well control event and cemented in place
with cement returns typically to the seafloor. Both of these sections are typically drilled riser-
less with water base mud or seawater with drilling fluid returns to the seafloor. However, for
shallow water locations, a temporary casing string can be run from the seafloor to the rig and the
fluid and cuttings can be routed to the surface once the first string is installed. After the casing
and high pressure wellhead are set, the BOP stack and marine riser are connected to it and routed
back to the rig above sea level. It should be noted that the casing string that is directly connected
to the BOP stack is normally referred to as surface casing. At this point, the drilling process is
conducted with a closed loop fluid system. For low temperature applications or regions where
hydrates could form in a water base fluid system under pressure, the drilling fluid could be a low
toxicity synthetic oil base mud, more commonly referred to as a non-aqueous fluid (NAF).

After all the casing strings have been run and cemented, the completion phase will commence for
development and production wells. This may also be conducted if a well test of an exploration
well is desired.

In the completion phase, the drilling fluid is displaced to a weighted brine (usually a salt
solution), and the inner-most casing string or liner is perforated at the reservoir zone. Production
tubing and a packer are typically run to isolate the hydrocarbons from the casing which provides
a barrier. The production tubing can be run either before or after the perforation phase. An
alternative to the cased and perforated completion, can be an open hole completion below the last
casing string. Screens and/or gravel packs can be employed if the reservoir formation contains
mobile sands (unconsolidated). A christmas tree is installed at the wellhead and above the
production tubing to control the flow of hydrocarbons from the reservoir to the surface facilities.
The christmas tree is located at the seafloor for subsea wells and above sea level on a surface
structure/platform for surface wells. Almost all offshore wells have a surface-controlled
subsurface safety valve (SCSSV) as an additional isolation device below the seafloor in case the
christmas tree is damaged.

The production tubing and the production casing are both designed to withstand full reservoir
pressure with a safety factor. The christmas tree is also designed to withstand full reservoir
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pressure with an appropriate safety factor, and the tree normally has at least two valves that can
shut in the well in addition to the subsurface valve. Therefore, there are multiple barriers to
contain hydrocarbons.

For offshore arctic wells, the basic well construction below the seafloor is similar to offshore
wells in non-arctic locales. Special provisions may be needed for arctic specific hazards like
permafrost, surface ice, and deep-keeled ice features, but these hazards are well understood and
mitigations are well established as will be discussed later in this paper.

Surveying

To ensure wellbores do not collide (intersect each other) while drilling, the operator and
directional survey company use well path planning software that includes modeling capabilities
to determine the distance and direction of all offset wells to the well being drilled. In addition,
the software calculates the ellipse of uncertainty (EOU, statistical error range of the survey tools
accuracy) and separation factor (ratio between the center-to-center distance divided by the sum

b

of the EOU’s) of the offset wells and the well being drilled, and relates their relative positions to
each other to ensure the wells do not collide.

In order to know the positional location of a wellbore while it is being drilled, the operator will
run surveying tools that measure the wellbore’s inclination (angle from vertical) and azimuth
(bearing direction) at given depth intervals. When drilling directional wells (>5° inclination),
surveys are typically obtained at ~100 feet intervals to obtain an accurate survey.

The most common survey tools used today are the measurement-while-drilling (MWD) tool and
the north-seeking gyro or rate gyro. MWD tools are high accuracy survey tools that are placed in
non-magnetic drill collar components run in the drill string. They have accelerometer sensors for
measuring the Earth’s gravity field and magnetometer sensors for measuring the Earth’s
magnetic field. The accelerometers can determine the wellbore’s inclination and the
magnetometers can determine the wellbore’s azimuth.

North-seeking-gyro devices (rate gyros) are higher accuracy survey tools (that also have
accelerometers to determine the inclination of the wellbore) with high speed spinning mass
“gyroscopes”. The gyroscope’s position remains fixed due to the inertia created by the spinning
of the Earth. Its torque sensors measure the force applied to the gyroscopes as the wellbore
changes direction and coverts this to an azimuth. Gyro’s are conveyed in and out of the wellbore
via wireline line, the drill string, coiled tubing, and/or dropped down the drill string and retrieved
when the BHA is pulled out of the hole. They can be run inside the drill string or, most
commonly, inside the casing just prior to drilling out. The north-seeking gyro can survey in
continuous mode such that they can report out in a higher depth interval such as every 10 ft.

Since MWD tools use magnetometers, they are susceptible to two main sources of error:
variations in the local magnetic field and interference from magnetized elements in the drill
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string. New techniques developed for identifying and compensating for these errors involve a
better understanding of the natural variations in the earth's main field and new methods of
mapping local variations to improve crustal field modeling. Magnetic north must be converted to
true north by applying the declination angle.

Due to the proximity to the earth’s North Pole, arctic wells require more accurate sensors and
reference than sub-arctic wells for directional magnetic measurements due to the smaller
horizontal component of the magnetic field and the greater dip of the earth’s magnetic field at
higher latitudes.

The declination values are a function of the well’s location and time, as the Earth’s magnetic
field changes slightly but continuously. The directional survey companies obtain the correction
values from published global magnetic models: British Global Magnetic Model (BGGM) or
more accurate models like the High Definition Geomagnetic Model (HDGM). MWD survey
accuracy can be enhanced by these methods, especially with respect to azimuth bearing, using
techniques such as Interpolated In-Field Referencing (IIFR) or Geomagnetic Referencing (GRS)
which corrects for the crustal field, localized magnetic effects, and the real time disturbance
field. Furthermore, for the US Arctic, there are geomagnetic survey stations located in the towns
of Barrow and Deadhorse, Alaska to help provide real-time data to convert magnetic MWD
survey data to true north and this "has been successfully used for accurate wellbore positioning”
[Ref.33].

The north-seeking gyro is not affected by the Earth’s magnetic field; hence, they do not require
magnetic corrections, however its accuracy diminishes at high latitude due to the earth’s lower
spinning rate at high latitudes. However, a true north reference can be resolved at latitudes less
than 80 degrees north or south.

The improvements in surveying accuracy described above improve the survey accuracy for the
well and would hence help reduce the time it takes to drill a relief well as the operator knows
more accurately both where they are and where they are going.

Anti-collision issues are not a factor for exploration wells since they are distant from existing
wells. For closely spaced production wells where the proposed well path is close to an existing
well, operators take special precautions to avoid collisions (more frequent surveys) and typically
shut-in subsurface valves or set plugs in the production tubing below the potential collision
point. In the unlikely event there is a wellbore collision, this further reduces the possibility of a
hydrocarbon release.

V. DRILLING FLUIDS AND ITS IMPACT ON WELL CONTROL
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The drilling fluid (often called mud) is the primary barrier to prevent the influx of subsurface
fluids such as reservoir hydrocarbons or formation brines. The drilling fluid is designed to have
a density greater than the pore pressure of the fluid in the subsurface strata (rock). If the drilling
fluid exerts more pressure than the formation pore pressure, an influx will not occur and
hydrocarbons will remain in the subsurface rock, except for a very small amount that is released
by the rock formation that has been drilled. The drilling fluid will create additional downhole
pressure on the rock when the pumps are circulating the fluid during the drilling process. This
additional pressure caused by the fluid friction in the annulus between the borehole wall and the
drill string is referred to as equivalent circulating density, or ECD. The depth of a hole section,
and thus the setting point of the next casing string, is limited by the fact that the mud density plus
ECD must be less than the weakest exposed formation (kick tolerance), typically the shoe
(bottom) of the previous casing string. The formation fracture strength is determined after
drilling out of the casing shoe and a few feet of new formation, and then pressure testing the rock
until fluid begins to leak off (fluid enters the formation). This is referred to as the pressure
integrity test (PIT) or formation integrity test (FIT) and is an important factor in well control.
The drilling engineer uses pore pressure, mud density, ECD, and formation fracture strength to
determine the setting depth of the casing strings. In US (United States) federal waters,
regulations also exist that specify the depth the next string of casing must be set to maintain an
appropriate margin between mud weight and rock fracture strength as measured by the PIT/FIT.

In colder climates and in deep water environments, the combination of low temperature and high
pressure can create hydrates in a water base drilling fluid if gas becomes entrained. A hydrate is
a solid crystalline structure of water and gas molecules that can block the flow of fluids.
Therefore, non-aqueous fluid (NAF) is frequently used when the hydrate phase could occur in
the drilling operation because the continuous phase is oil instead of water. Sometimes, glycol or
methanol (or other chemicals) are added to the drilling or completion fluid to suppress the
formation of hydrates as well and can be added to water-base drilling fluids to prevent freezing.

Probably the most important aspects of well control and in keeping a well secure during drilling,
completion, and workover/ intervention operations are keeping the hole full of fluid and
monitoring for kick (influx) detection. Kick detection is normally done using equipment located
at the surface of the drilling rig. If formation fluid flows into the wellbore, a net increase in the
closed volume drilling fluid system can be detected. A trained drilling crew will detect this and
take the necessary action, which normally involves closing the BOP. The equipment used for
kick detection will be discussed later in this paper.

VI. CASING AND WELLHEAD DESIGN

The casing and wellhead are the pressure vessels that contain pressures from the downhole
formations. The design and performance of these are covered by API specifications. For casing
and tubing, the American Petroleum Institute (API) Specification SCT, “Specification for Casing
and Tubing”, and other API standards and references define dimensions, performance
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specifications, material properties, testing requirements, quality measures, and other aspects. It
should be noted that for low temperature applications such as the Arctic, API Spec SCT allows
the purchaser to specify low temperature tests for the impact testing (Charpy V-notch) to ensure
the casing and tubing will be suitable for the environment [Ref.16].

Wellhead equipment is manufactured to proprietary specifications but tested to API standards
such as a pressure test to 1.5 times the rated working pressure of the equipment. API Spec 6A,
“Specification for Wellheads and Christmas Tree Equipment” governs the manufacture and
quality of these well components in the US and many other parts of the world [Ref.20]. To date,
most wellhead equipment is manufactured to a range of 3000 to 15,000 psi which is suitable for
arctic reservoir pressures.

Safety and design factors are an important part of the integrity of the well. The engineer will
calculate all loads that the casing and tubing could experience such as tension, compression,
bending, internal pressure, external pressure, temperature, torsion, and others. Then a safety
factor is applied to the calculated load and this load is compared to the performance rating of the
tubular (or working load of the equipment). The rated performance should exceed the expected
load plus the safety factor. For example, a safety factor of 1.25 would be multiplied by the net
burst pressure calculated for a casing string, and the engineer would select a tubular with a
pressure rating equal to or greater than this operational load. The API rating for internal pressure
of casing and tubing assumes minimal wall thickness and minimal yield strength which is
conservative.

The quality of the casing and tubing strings is ensured by the pipe manufacturers, and verified by
manufacturers’ qualifications, agreed quality requirements, audits, and sometimes third party
checks by the customer. API Specification SCT requires nondestructive testing, material
property testing, tensile strength measurement, yield strength measurement, ductility tests,
Charpy impact toughness, and others as well as hydrostatic pressure testing of the pipe.
Supplemental inspection requirements allow the purchaser to include additional inspections to
flaw sizes as small as 5% of the nominal wall thickness. In addition, torque-position or torque-
turn quality assembly methods can be specified for the threaded connections for casing and
tubing. These quality assembly techniques help ensure that the pipe connections are tight and
leak free at the assembled connection.

The nondestructive testing techniques can scan virtually 100% of the area of every joint of pipe
manufactured to measure wall thickness and pipe geometry and to identify and reject any flaws
that were created during the manufacturing process. Many customers (operators) use third party
inspectors stationed in the steel mills to ensure the quality program is implemented and
documented.

After the casing is run and cemented in the well, a pressure test is conducted to ensure integrity.
The pressure and duration is specified by 30 CFR Part 250 [Ref. 4] for the US Federal waters.
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VII. CEMENTING

The cement is a critical part of the integrity of the well and is placed in the annulus between the
casing and the bore hole. The API Spec 10A, “Specification for Cements and Materials for Well
Cementing,” governs the design, formulation, testing, and quality of oilfield cement [Ref.35].
The amount of cement that is pumped is based on a volumetric calculation of the bore hole (logs,
calipers, or flow measurements) and the casing diameter. The casing string that is connected to
the BOP stack (conductor casing for subsea wells and surface casing for surface wells) is
normally cemented to the surface at the wellhead (seafloor for subsea wells). For the other
casing strings, the height of cement in the annulus is based on the desired degree of isolation.
For hydrocarbon intervals in US federal waters, the Bureau of Safety and Environmental
Management (BSEE) requires the top of cement to be at least 500 feet (measured length) above
the shallowest hydrocarbon zone.

There exist several techniques and types of equipment that can improve the quality of the cement
seal. Wiper plugs and fluid spacers are used to keep the cement from being contaminated by
other fluids during the pumping operation. Float shoes and float collars are basically one-way
check valves that allow the cement to pass from inside the casing to the annulus and prevent
backflow into the casing. Centralizers are mechanical devices attached to the outside of the
casing to help ensure a more uniform layer of cement between the casing and the rock
formations.

Prior to pumping cement, the cement company calculates the formulation of the cement slurry
and tests it in a laboratory to the downhole conditions (temperatures and pressures). The lab
report confirms the compressive strength of the cement versus time. In addition, during the
pumping operation, samples are collected at the surface and put into an oven to simulate the
downhole environment. Drilling normally does not commence until the samples have properly
hardened and the times specified in the lab report are met.

After the cement has hardened, the isolation of the new hole from the upper zones can be verified
by the PIT test described earlier.

Bond logs are electronic wireline tools used to measure the integrity of the cement seal between
the casing and the bore hole (rock). This measurement can be done along the full length of the
casing.

API Recommended Practice 65 Part II has several best practices identified to help ensure a good

cement job (seal). The BSEE has now incorporated this recommended practice in the Code of
the Federal Register (CFR).

VIII. PERMAFROST CONSIDERATIONS
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In many cases, arctic wells must be designed to penetrate through permafrost formations.
Onshore on the Alaskan North Slope, there have been numerous wells successfully producing in
permafrost regions for decades (while maintaining operational integrity), and the industry has
clearly demonstrated appropriate design and construction methods for these wells.

Permafrost can be found below the seabed on the Arctic shelf down to where the water level was
during the last ice age (in the Canadian Beaufort Sea this is roughly at 130 meters of current
water depth). Methane hydrate can be found in and below permafrost on the Arctic shelf and as
marine hydrate deposits like the deposits in the GOM, but arctic marine hydrates can be found at
shallower water depths because the water and sub-seabed temperatures are lower. A large
number of offshore wells have safely been drilled through both by controlling bottom-hole
pressure and temperature during the drilling and completions process.

A casing string is normally run from surface through the permafrost and into competent rock
below the permafrost. This casing string (usually the surface casing for surface wells and the
conductor casing for subsea wells) is cemented from the shoe to the wellhead. Since permafrost
thawing can create some subsidence in the permafrost zone, the casing material selected needs to
have good ductility and strain capacity. API grades such as L-80 have proven to be successful.

Some effective drilling and completion practices used for onshore arctic wells that could also be
applied to offshore arctic wells are:

a. Use of an insulated conductor set deep enough to resist subsidence
b. Using a mud cooler for drilling the permafrost hole section to reduce washout due to thawing

c. Specially formulated cement for low temperature; permafrost (low heat of hydration) cement
has been used in the Canadian Beaufort Sea wells in which it was planned to intersect
permafrost. Both the conductor and surface casings have been fully cemented with
permafrost cement.

d. Thermo-siphons placed around the conductor to reduce/eliminate permafrost melting due to
production

e. Vacuum insulated tubing to prevent heat transfer from the reservoir to the permafrost zone

f. Insulating packer fluid: an oil-based system that has lower conductivity and less convection,
thus reducing heat transfer from the reservoir

g. Methanol injection for hydrate prevention on cold startup

h. Increased brine (completion fluid) true crystallization temperature (TCT) to account for the
low temperature environment
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1. Casing drilling to reduce the exposure time and minimize thawing of the open hole when
drilling through deep permafrost has been successfully used in the Mackenzie Delta, Canada

IX.BOP STACK - SURFACE AND SUBSEA

The surface and subsea BOP stacks are similar and should be considered as secondary barriers to
the drilling fluid. Both use annular and ram preventers where the annular preventer can seal
around nearly any geometry and the ram preventer is designed to seal around a specific pipe
diameter. Variable bore rams can seal around a specified range of pipe diameters, for example 5
to 7 inch diameter pipe. Two other types of preventers are blind shear rams that can cut pipe and
seal the bore and casing shear rams that typically cut larger diameter pipe (casing) or heavier
wall thickness pipe. Both BOP types are attached to the wellhead, with the surface BOP located
just under the rig floor and above sea level and the subsea BOP stack located near the seafloor.

A typical BOP stack would have at least one annular preventer and two or more ram preventers.
A subsea BOP stack (Figures 6a and 6b) has a lower marine riser package (LMRP) attached by a
hydraulic connector to the rest of the BOP stack (normally all of the ram preventers) that is
connected to the wellhead. The LMRP connector allows the drilling rig to disconnect from the
well, but still leave the main part of the BOP stack attached to the wellhead to keep the well
secure.
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Figure 6a. Photo of a Typical Subsea BOP Stack
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Figure 6b. Typical Subsea Blowout Preventer Stack (multiple redundancy)
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The BOP stack operates on hydraulic pressure supplied by a bank of accumulator bottles located
at the surface and also subsea (specific for subsea stacks). Regulations specify two
independently powered pumping methods for charging the accumulators and these can be
hydraulic, pneumatic, or electric. The volume and capacity of the accumulator bank and control
system is tested to ensure that all critical BOP functions can be operated without recharging.
The Industry has BOP equipment designed to working pressures as high as 15,000 psi. It is
expected that this should be sufficient for the arctic reservoirs based on what is known today.

If a hydrocarbon influx or kick does occur, the drilling crew needs to respond promptly, and they
are trained to do so. Since there are multiple preventers in the stack, redundancy exists. Once
the BOP is closed, the size and energy of the influx is constrained. The normal practice if a kick
occurs is to close one of the BOP components, and then circulate out the influx using one of two
methods. The driller’s method involves pumping the same density mud as currently in the well
with back pressure from the surface choke, followed by a heavier weight mud (kill weight)
pumped on a second circulation. The other method is called the wait-and-weight method where
the kill weight mud density is calculated from the shut-in drill string measurement, and this
higher density mud is circulated through the drill string on the first circulation. The hydrocarbon
influx is circulated around the BOP stack via the choke line to the choke manifold. The bottom
hole pressure is maintained above the formation pressure to prevent further hydrocarbon influx
by manipulating the choke. The choke valve is connected to a mud gas separator, and gas is
vented out a flare line safely away from the rig crew.

The rig supervisors, tool pushers, drillers and assistant drillers are trained on these well control
techniques via computer simulators in well control schools similar to training methods used by
other industries. The crews can also practice their well control and choke expertise at casing
points with a technique called a power choke drill. This is done before any exposed formations
are drilled in the subsequent hole section.

BOP stacks have redundancy to prevent the flow of hydrocarbons since there are several
independently sealing components. For a typical surface BOP, there would be three or more
preventers (5000 psi or greater service), and for a typical subsea BOP stack there would be five
or more preventers depending on the expected working pressure as stated in API Standard 53
[Ref.19].

X. REGULATIONS FOR DRILLING AND WELL CONSTRUCTION

Post Macondo (April 2010), the US Bureau of Safety and Environmental Enforcement (BSEE)
was formed. Prior to this, the Minerals Management Service (MMS) had jurisdiction over US
offshore drilling plans and operations. Numerous new safety rules were implemented into the
Department of the Interior’s Code of Federal Register, namely 30 CFR Part 250 which governs
offshore drilling in federal waters. Some of the key new provisions that have been adopted to
improve the safety and secureness of the drill wells include the following:
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e Independent third party verification that the blind shear rams are capable of shearing
any drill pipe body (excluding the bottom hole assembly, BHA) in the hole under
maximum anticipated wellhead pressure.

e Independent third party verification that the subsea BOP is designed for the intended
service and for the specific rig.

e Certification by a licensed professional engineer that there are two independently
tested barriers across each flow path and that the casing design and cementing design
are appropriate; also a negative pressure test is required to ensure proper installation
of casing and cement for the intermediate and production casing strings. Where it is
not practical to establish two independently verified barriers, a documented risk
assessment should be conducted to demonstrate that process safety risks are managed
to as low as reasonably practical.

e Remote Operated Vehicle (ROV) must be capable of closing one set of pipe rams,
closing one set of blind shear rams, and unlatching the lower marine riser package.

e Autoshear and deadman systems must be available for dynamically positioned
drilling rigs.

e Test all ROV intervention functions on the subsea BOP stack during the surface
stump test and test at least one set of rams during the initial test at the seafloor with
the ROV.

e Function test the autoshear and deadman systems during the surface stump test. Test
the deadman system during the initial test on the seafloor.

e Certification by a licensed professional engineer of the well abandonment design and
procedures and that there will be at least two independently tested barriers (preferably
at least one mechanical) across each potential flow path.

e Well control training is required for selected rig personnel.

e The cementing program must comply with API RP 65 Part II, “Isolating Potential
Flow Zones During Well Construction.”

e The BOP stack must be designed and maintained in accordance with certain

provisions of API Standard 53, “Blowout Prevention Equipment Systems for Drilling
Wells.”

The BSEE has numerous requirements for BOP tests. The BOP stack has to be fully pressure
tested every 14 days for subsea BOPs and every 21 days for surface BOPs and a function test has
to be conducted every week. Also, the BOP stack has to be pressure tested upon initial hook-up
to the wellhead and after each casing string is set. The BOP stack must be tested to a low
pressure (250 psi) and then the maximum anticipated wellhead pressure.

Another BSEE regulation added after Macondo was to make parts of API Standard 53
mandatory. Also, the API upgraded this document from a recommended practice to a standard.
Some key provisions of this standard are as follows:
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e All BOP stacks and components have to be certified by the original equipment
manufacturer (OEM) every five years.

e Surface BOP stacks must have a blind or blind shear ram when ram preventers are
required.

e Surface BOP stacks must have at least 3 BOPs for 5000 psi service, 4 BOPs for
10,000 psi service, 5 BOPs for 15,000 psi service.

e All sealing ram preventers must be equipped with locking devices.

e Surface BOPs must have two valves on the choke side outlet and one of the valves
must be remotely controlled

e Surface BOPs must have a least two manual valves on the kill line side outlet.

e Surface and subsurface well control systems must have two remotely operated chokes
on the choke manifold for 10,000 psi service or greater.

e For surface BOPs, the closing system must close ram preventers and annular
preventers (less than 18.75 in bore) in 30 seconds or less.

e There must be two control stations, one located near the rig floor and the other distant
from the rig floor.

e All subsea BOP stacks must have at least 5 preventers with a minimum of one
annular, two pipe rams, and two shear rams of which one must be a sealing type.

e Control systems for subsea BOP stacks must comply with API Specification 16D.

e For subsea BOPs, the closing system must close ram preventers in 45 seconds or less,
close annulars in 60 seconds or less, and unlatch the lower marine riser package
(LMRP) in 45 seconds or less. Disconnecting the LMRP allows the rig to move away
from the well site.

e Subsea BOP stacks must have two (fully redundant) control pods. There must also be
at least two surface to subsea power fluid supply lines.

e An emergency disconnect sequence (EDS) is required for all dynamically positioned
rigs, and is optional for a moored rig and must be operable from two separate
locations on the rig. The EDS is a programmed sequence of events that operates the
functions of the BOP stack to leave it in a desired state and then disconnects the
LMRP from the lower part of the BOP stack.

e An autoshear system must be installed on all subsea BOP stacks. The autoshear
system closes the blind shear ram if the LMRP is disconnected.

e A deadman system is required on all subsea BOP stacks. The deadman system
automatically closes the blind shear ram if electrical and hydraulic power are lost
subsea.

e Subsea BOP stacks must be equipped with remote operated vehicle (ROV)
intervention panels that allows for the function of the blind shear ram, one pipe ram,
the corresponding ram locks, and the LMRP connector.
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e A trip tank is required for all wells and is a low volume (~50-100 barrels) calibrated
vessel that can accurately monitor the amount of fluid going into or out of the well;
this enables the drilling crew to rapidly respond to a formation influx (kick).

In addition to API Standard 53, API Specification 16A specifies requirements for performance,
design, materials, testing and inspection, welding, marking, handling, storing and shipping of
drill-through equipment used for drilling for oil and gas. It also defines service conditions in
terms of pressure, temperature, and wellbore fluids for which the equipment will be designed.
This specification is applicable to and establishes requirements for the following specific
equipment:

a. ram blowout preventers

b. ram blocks, packers and top seals
c. annular blowout preventers

d. annular packing units

e. hydraulic connectors

f. drilling spools

g. adapters

Another important document for the integrity of well control equipment is API Specification
16D, “Specification for Control Systems for Drilling Well Control Equipment and Control
Systems for Diverter Equipment.” This specification establishes design standards for systems
that are used to control blowout preventers (BOPs) and associated valves that control well
pressure during drilling operations.

Another important regulation introduced by BSEE is the Notice to Lessees, 2010-NTL 10, dated
November 8, 2010 to give lessees operating on the US Outer Continental Shelf (OCS) additional
requirements that must be fulfilled before granting a Permit to Drill/Revised Permit to
Drill/Permit to Modify (APD/RPD/APM). The title of NTL 10 is “Statement of Compliance with
Applicable Regulations and Evaluation of Information Demonstrating Adequate Spill Response
and Well Containment Resources.” Although not explicitly stated in the NTL 10 notice, the
BSEE requires the operator to demonstrate in the APD that the well design is adequate to contain
an uncontrolled flow.

A Joint Industry Task Force (JITF) was established to develop evaluation tools to demonstrate to
the BSEE that the well design and equipment [e.g., blowout preventer (BOP) and capping stack]
is adequate for well containment. The BSEE elected to start with a Level 1 screening that uses a
very conservative approach. The Level 1 Well Containment Screening Tool was developed for
this first pass, and is designed to expedite approval for wells that can be fully shut in without
causing underground flow, using very conservative assumptions and simple calculations (i.e., do
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not require computer simulations). However, not all wells can pass a Level 1 screening
successfully due to application of the broad simplifying assumptions.

The Level 2 tool uses field/offset data and more advanced calculations to demonstrate equipment
and well integrity for an unrestricted flow from the well and subsequent full shut-in. The Level 2
analysis also identifies failure points and possible loss zones that must be addressed in a
consequence analysis.

The Level 3 tool is used to evaluate whether a well design allows “cap and flow,” in which the
flow from the well is choked back (but not shut in) to reduce the pressures on the well
components or exposed formations.

Level 1 Well Containment Screening Tool:

This section provides instructions for completing the Level 1 Well Containment Screening Tool
(WCST). The tool is a Microsoft Excel® spreadsheet that provides a simple check to determine
whether a well can be contained via a capping stack in case of a worst-case discharge scenario.
Wells that do not pass a Level 1 screening require a Level 2 engineering analysis to confirm that
the wellbore is suitable for containment.

Level 2 Well Containment Screening Tool:

The Level 2 analysis builds on the Level 1 WCST. Much of the design methodology is the same
for Level 1 and Level 2; for example, both use the same models to calculate external pressures.

If a well does not pass the Level 1 WCST, a Level 2 analysis could still demonstrate that the well
design is adequate for containment. The Level 2 WCST is used to evaluate whether a well can
survive an uncontrolled flow and subsequently be shut in.

A well may not pass the Level 1 screening because it did not meet some base criteria for using
the screening tool. In particular, the Level 1 WCST does not allow the following:

e Presence of trapped annulus.
e Formation breakdown.

These design challenges must be addressed in a Level 2 analysis.

In addition, some of the standard assumptions for the Level | WCST may be too conservative.
Using more advanced modeling and field/offset data may allow the well to pass the Level 2
analysis. In particular, the Level 1 WCST uses the following assumptions:

e Formation fluid gradient (0.1 to 0.15 for gas, and 0.23 psi/ft for oil/water/gas
combination).
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The operator may also elect to use strength ratings above the ratings allowed for Level 1 (i.e.,
survival ratings). Other options may include ratings based on triaxial, ductile rupture, or other
methodologies.

The Level 2 WCST is based on the Level 1 WCST, with modified/additional calculations. The
Level 2 tool provides the following additional calculations:

e Annulus pressure buildup for trapped annuli
e Secondary string collapse and burst verification
e Formation strength verification for failed strings

Level 3 Well Containment Screening Tool:

The Level 3 WCST analysis is similar to the Level 2 WCST, except that Level 3 is designed to
assess a well design capability to permit cap and flow.

An operator may want to permit a well as a Level 3 cap and flow for several reasons, including
the following:

e Shut-in pressures exceed burst capacities of the well design (mechanical integrity)
e Shut in results in an unacceptable underground flow (e.g., flow broaches to seafloor)

The cap-and-flow analysis can be used to evaluate whether the well design still survives choked
flow loads, and whether unacceptable underground flow is prevented.

Note that for a cap-and-flow permit, the operator must provide an analysis of the subsea and
surface capturing system to demonstrate tha